mechanism to help interpret these observations in the future.
At low latitudes, some eddies reorganize into elongated east-west currents that are reminiscent of flows on Jupiter and Saturn. The strong variation of the Coriolis effect with latitude in the tropics causes the turbulence there to have a preferred orientation. In some southern deep basins, the Antarctic Circumpolar Current organizes into four persistent filaments maintained by eddy processes, rather than being one broad stream. The currents circling Antarctica are the closest analogs to atmospheric jet streams that can be found in the ocean: they are maintained by similar energy sources related to the latitudinal change of temperature, but their separation scale is much smaller by being tied to the local radius of deformation. These last two situations are ocean realizations of phenomena anticipated from idealized turbulence studies (32) .
Challenges for the Future
Evidently, much progress has resulted from improving the resolution and hydrodynamical formulations of models. Some comparisons are under way to determine the resolution requirements in different applications, such as climate versus forecast uses, and whether isopycnal coordinates are better than fixed vertical levels. The two methods are probably comparable if the diffusion in leveled models is oriented along isopycnals or if both model grid sizes are well below the local radius of deformation. Hence, future development will probably emphasize improvements of physical components and processes in models, such as the surface mixed layer and sea ice, and outflows and mixing from water-mass formation regions. Furthermore, biogeochemical processes can be included by using methods already tested in coarser grid physical models (33).
An immediate goal of modelers is to conduct longer term simulations, including some to full thermodynamic equilibrium. Ocean models will not be fully proven to be well formulated until they can reproduce the equilibrium distributions of temperature, salinity, and other properties as well as the modem spreading of dissolved anthropogenic gases and radioactive tracers. The likelihood that the ocean is capable of different overturning circulations if started from different initial conditions needs to be examined. The natural variability of climate needs to be determined, including the distinct possibility that limits of climate predictability are affected by oceanic turbulence. Finally, a number of past climates and potential future climate (including those influenced by activities of mankind) should be investigated with the aid of high-quality atmospheric models coupled to global ocean models. Most of those efforts require continued growth in computer power. 24 . R. D. Smith, R. C. Malone, M. Maltrud, A. Semtner, in preparation. 25 Thompson, ibid. 23, 1001 (1993) 28 (27) The ratio of vent pressure to atmospheric pressure is the most important parameter to be specified. However, even at small terrestrial eruptions volcanic vent pressures cannot be measured directly; indeed, this is a difficult measurement even in a geyser. It is likely that the vent pressure varies with time as an eruption evolves (9) . For modeling purposes, two different extremes were examined in the literature. In one set of models, vent pressure is assumed to be equal to atmospheric pressure; this is the so-called pressure-balanced condition (11, 15, 16) . This assumption permits many mathematical simplifications that allow analytic or semianalytic solutions applicable to planetary problems. However, fulfillment of the pressure-balanced condition requires special conditions of vent friction and geometry (19) . These conditions may not be obtained early in eruptions before a vent is cleared, or in short eruptions [for example, the lateral blast at Mount St. Helens (20) ], or on planets with low atmospheric pressure (14) . Therefore, a second set of models that allow for higher pressure at the vent has been developed. For example, overpressuring by factors of 2 to 150 has been examined for terrestrial eruptions (3, 14, 20 (5) .
I used the approach of Wohletz, Valentine, and colleagues (1, 3, 5, 21, 22) , which is based on explicit numerical solutions of the equations of conservation of mass, momentum, and energy (23) . A fluid is assumed to erupt from a cylindrically symmetric vent (Fig. 2) . The erupting fluid is a two-component mixture of gas and dispersed ash particles. The gas is described by the ideal gas equation of state and the ash particles are assumed to be incompressible. The conservation equations are applied to the ash and gas components separately, so that they may have different temperatures and velocities. The components interact with each other through drag forces and heat transfer. The governing equations of motion and constitutive relations form a system of eight partial differential equations and eight algebraic equations with 16 dependent variables [given in (21) ]. The equations are approximated by finite difference methods (24) and are solved on large supercomputers or standard workstations, depending on problem size.
In the calculations, ash and gas enter the computational domain through a vent (Fig. 2) beginning at time t = 0. The proportions of ash and gas are specified, as are the initial velocity, temperature, and pressure. These components flow into an atmosphere that has the same composition as the gas phase in the erupting fluid but may have a different temperature. The atmosphere is initially isothermal and its pressure and density decrease exponentially with height. Because the geometry is cylindrically symmetric, the calculations are only performed for a half-space. The 
Initial Conditions and Fluid Properties
For even the simplest solutions, many parameters are required to describe the initial and boundary conditions (atmospheric conditions, gravity, and fluid composition) ( Table 1 ) and fluid properties (vent conditions, heat capacities, and thermal and mechanical interaction parameters) ( Table 2) . A systematic study of the variation of each of these parameters would be prohibitively time-consuming. Therefore, I studied one specific type of caldera-scale eruption and included as many specific global parameters as possible in each simulation. The reference case is for a magma that contains 4 weight % gas. This is similar but not identical to cases of plinian eruptions with 1.7 weight % gas that have been well studied numerically (3, 5, 21, 22) and in the field (2, 25). The increase in gas content was required for extrapolation to the higher atmospheric pressure conditions of Venus. A volume fraction of 70 weight % is usually taken as the criterion for magma fragmentation and production of a dusty gas plume (13) ; if the gas content is only 1.7 weight %, the volume fraction on Venus would only be 50 weight %, which is an unreasonably low volume fraction for this type of modeling. A CO2 content of 4 weight % produces a void fraction of 72 weight % at 70-bar pressure on Venus, and so 4 weight % was chosen as the gas content for all simulations.
For the simulations on Earth and Mars, the gas phase was assumed to be H20 so that 1-bar vent conditions on both planets could be directly compared. Although gas composition is included as a parameter in the simulations, the composition has relatively little influence on the results compared with other factors discussed here. In particular, for plumes that are as heavily laden with ash particles as these, the expansion of the gas is more strongly controlled by heat transfer from the particles to the gas than by the composition of the gas itself. For all simulations, the temperature of the gas and ash exiting the vent was assumed to be 1200 K, the ash particle radius was 0.01 cm, and the material density of the particles was 2000 kg/m3. In Mass flux is often taken as one of the controlling parameters in volcanic plume dynamics (15) . However, another consequence of holding vent radius and velocity constant is that mass flux is not the same in all of the simulations (Table 2) , which directly reflects the effect of vent pressure on the mixture density and mass flux at the vent. The mass flux is the same in two of the simulations, the terrestrial and overpressured martian eruptions; thus, examination of these two cases enables a direct comparison of the other parameters on the eruption dynamics.
Fluid Dynamics in the Simulations
The large-scale behavior of a volcanic eruption column is determined by the relative values of four different types of forces (1, 2): inertia, pressure gradients, interphase drag, and gravitation. In the following, a plume comprises any of the gas and ash material above the vent, and a column is the main vertical part of the eruption flow field above the vent. When a column develops with sustained upward movement, it is referred to by volcanologists as a plinian column (Fig. 1A) , and I adopt that term loosely to interpret the simulations. A column that collapses back upon itself and forms a downward-moving sheath is referred to as a fountain, and the place where it reimpacts the ground is the stagnation point or reimpact zone. Laterally moving, ground-hugging flows that result from the fountain collapse are called pyroclastic flows. A column that attains neutral buoyancy is one that stagnates in 0 -10.5 
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its ascent but does not collapse to form a fountain (this is a rather special definition of the term but is convenient for the following discussion). The working surface is the unsteady flow at the top of the column where large-scale vorticity and entrainment yield an increased diameter as the column penetrates into the atmosphere. In the computer-generated color images of different time points in the simulated eruptions (Figs. 3 through 6) , the parameter plotted is the logarithm of the volume fraction of solid particles, represented by a color scale.
Venus. The initial pressure chosen for the simulated Venus eruption was 70 bar, in balance with the venusian atmosphere. The erupting material is therefore substantially denser than that of the terrestrial jet (note the different shades of red in the core regions of Figs. 3 and 4) . The jet erupts from the vent to an altitude of about 4 km and then collapses back to form a low fountain. This fountain feeds pyroclastic flows that run radially outward from the impact point of the collapsing fountain. In addition, some of the erupted material moves back radially inward from the impact point to recirculate back into the rising fountain.
An interesting wave develops within the pyroclastic flow about 2 km radially from the vent (Fig. 3, C through E) . This wave has many characteristics of a standing hydraulic jump. Because of the assumed cylindrical geometry, the wave is analogous to the circular hydraulic jump that can be produced in a kitchen-sink experiment by holding a flat plate under a downward spout of water. Under most kitchen conditions, fluid spreads radially from the impinging jet toward the edge of the plate in two distinct flow regimes. Near the impingement point, the flow is shallow and fast as it spreads radially, a supercritical flow regime. Toward the edge of the plate, the flow becomes deep and slow, a subcritical flow regime. These two regimes are separated by a standing circular wave, a hydraulic jump. Further study of the development and properties of these waves in multiphase fluids should yield an understanding of the nonlinear dynamics inherent in these complex systems. The high pressure of the venusian atmosphere suppresses the immediate formation of a dusty plume rising vertically over the fountain (compare Fig. 3 with Fig.  4) . In fountain-forming eruptions of dense material like this, the primary way that material is lofted to high elevations above the main fountain is by mixing of the highdensity plume with the lower density atmosphere. However, in this case, the formation of the hydraulic jump and its interaction with the main column gives rise to an elutriated ash cloud that eventually rises above the low fountain (Fig. 3, C through E) . This evolution of the simulated eruption on Venus resembles in most ways the well-documented plinian conditions for terrestrial jets with 1.7 weight % water (3) . However, the properties of the simulated terrestrial eruption with 4 weight % water are very different from those of this venusian jet or of a terrestrial eruption with 1.7 weight % water.
Earth. The relatively gassy initial condition of 4 weight % water produces a terrestrial plume that is almost balanced between conditions that form towering plinian gas and ash columns and those that produce low fountains and dense pyroclastic flows. Although the parameters cannot be quantified for a real and complex volcanic situation, the balance between plinian column conditions and fountain conditions is influenced by the thermogravitational parameter, the Rouse number, the Richardson number, particle terminal velocities, the pressure ratio between the vent fluid and the atmosphere, the density ratio between the vent fluid and the atmosphere, and the initial Mach number (3, 5, 7, 21) . I describe this jet as having attained a height of neutral buoyancy.
Initially, the plume rises from the vent and develops a working surface at the top as a result of the entrainment of the atmosphere (Fig. 4, A and B) . However, upon reaching an altitude of -4 km, the working surface and the denser core of the plume stall. Some material falls back toward the ground (Fig. 4, C and D) and the column begins to evolve into a classic low fountain that feeds outward and inward flows (Fig. 4 , B through D; compare with Fig. 3, B  through D) . However, the flow conditions are poised at the balance between those of a rising column and of a collapsing column; the fountain does not become well developed, and the pyroclastic flows are only weakly fed (Fig. 4E) . The stagnant cap of the plume at the neutral buoyancy altitude of about 3 km feeds the ash falls, the rising plinian column, and, only intermittently, the ash flows. The eruption column consists of a complex field of rising and falling material, perhaps in an oscillating manner (9) .
Several of these later features in these computer simulations are also visible in the photograph of the small Mount St. Helens eruption (Fig. ID) . The dense column rising above the vent of Mount St. Helens is equivalent to the plinian column rising above the vent in the computer simulation; the fortuitous wind direction makes the Mount St. Helens column resemble the half-space of the simulation. The formation of the white steam-enriched cap above the Mount St. Helens plume by the separation of the multiphase solid and gas (water vapor) components is equivalent to the separation of the ash-enriched (orange) and vapor-enriched (yellow and green) components of the simulated plume. The ..l tion (Fig. 5, A through E) , even though there is a 166-fold difference in absolute pressures. The general yellow and green hues in the martian simulation reflect the much lower density of the plume. The distance scale of the affected area on Mars is much larger than on Earth (tens of kilometers in each direction rather than a few kilometers). The times to reach equivalent column configurations are correspondingly longer, on the order of 1000 seconds instead of a few hundred seconds. The plume reaches a height of neutral buoyancy and ash rises or falls only intermittently and slowly (Fig. 5, C through E) .
In contrast, the simulation of the overpressured martian eruption exhibits a fascinating array of supersonic flow features near the vent and out to a distance of approximately 10 km (Fig. 6, A through E) . The first fluid out of the vent mixes with the atmosphere and forms a large working surface that reaches an altitude of 20 km within 100 s (Fig. 6A ). This working surface appears to break off and rise above 30 km (Fig. 6 , B and C). Detailed analysis of this breakup is not warranted because the viscosity and entrainment assumptions in the simulation are so simplified that they may cause artifices in the behavior of the working surface at long simulation times.
Near the vent, the column emerges in the typical configuration of a supersonic jet (20 (Fig. 3, 7 x 7 km, at 300 s). (C)
The overpressured martian eruption (Fig. 6, 30 (20) . The large pressure gradients between the vent and the atmosphere produce accelerations that are large compared to gravitational accelerations. As a result, material is thrown much farther from the vent than under pressure-balanced conditions. After material passes through the shock waves, it decelerates and gravitational forces become important. Some of the fluid falls back to the ground, reimpacting at a distance of -10 km. From this reimpact zone, material forms a ground-hugging pyroclastic flow. A supersonic jet of this type develops a broad umbrella that covers a much larger area and generates substantial high-velocity activity at distances many vent diameters from the main eruption.
Planetary Interpretations
Numerical simulations provide a rich resource for learning about nonlinear fluid dynamic processes because powerful computers can now solve relatively complex systems of equations, and because visualization tools are excellent. The influence of the variation of global planetary parameters on volcanic eruption dynamics, including the shape, extent, and internal structure of complex plumes, has been illustrated in the simulations presented here.
As an example of how the consideration of the fluid-dynamic structure of plumes may influence our interpretation of photographs of features on the planets, consider the flows on Venus (Fig. 1C) and the gullied flanks of the volcano on Mars (Fig. 1B) . There has been considerable controversy about whether pyroclastic volcanism can occur on Venus because the high atmospheric surface pressure inhibits bubble formation and magma fragmentation. Gas contents in excess of 4 weight % are required for fragmentation, as discussed above. Evidence for volcanism on Venus is abundant, but obvious pyroclastic (ash) deposits are noticeably rare (27) . Flows such as those in Fig. 1C (Fig. 1B) . These channels typically start tens of kilometers downslope from the summit calderas. They have been variously interpreted as originating from volcanic density currents (28) or as fluvial channels (29) . Our conventional terrestrial-based understanding of plumes as tall but relatively narrow plinian columns would predict that channels resulting from volcanic density currents should start relatively high on the slopes because the reimpact zones are relatively close to the summits in terrestrial plinian eruptions. However, the simulation of the overpressured jet on Mars (Fig. 6 ) suggests a fluid-dynamic reason that the gullies may start so far down the slopes: An overpressured eruption blasts material out to 10 km or more, where it falls back to a reimpact zone. The reimpact zone is at much greater distances from the vent than on Earth or Venus. The pyroclastic flows emanating from this zone have high velocities and could cause the distal gullying observed. In this case, the initial fluid-dynamic conditions within a volcanic plume are the cause of erosional features in the landscape. Subsequent meteorologic erosional processes such as rainfall might enhance an initial channelized volcanic topography. Combined volcanic-climatic processes of this type occurred at Mount St. Helens: The lateral blast eroded nearly horizontal furrows into some slopes, and these were subsequently enhanced and then modified by later rains (30 
